A method was developed to estimate spectral changes of the absorption properties of turbid media from time-resolved reflectance/transmittance measurements. It was derived directly from the microscopic Beer-Lambert law, and tested against simulations and phantom measurements.
INTRODUCTION
Optical techniques, that are inherently non-invasive, are presently applied or investigated for their potential application as diagnostic means in a variety of fields, including biology and medicine. Most often, the optical parameter of direct interest is the absorption, because its estimate at multiple wavelengths allows one to derive the composition of the medium. When highly diffusive media (e.g. biological tissues) are involved, operation in the time domain allows one to untangle the absorption from the dominant scattering contribution to light attenuation. In most cases of practical interest, in order to deal with an analytical solution of the problem, experimental data are interpreted using simple models that typically rely on the diffusion approximation to the radiative transfer equation and hold accurately only for infinite or semi-infinite media. Based on the microscopic Beer-Lambert law, we derived a method to estimate the spectral dependence of the absorption properties in a diffusive medium from time-resolved reflectance or transmittance measurements. The performances of the proposed method were tested against simulations and phantom measurements to investigate the dependence on sample optical and physical properties (i.e. scattering and size, respectively) and experimental parameters (e.g. the instrument response function).
THEORY AND SIMULATIONS

Estimate of the absorption coefficient
The microscopic Beer-Lambert law [1] , [2] traces the zigzag path of photons in a highly scattering medium and describes their survival probability by a function of their path and of the absorption coefficient along that path. In reflectance geometry, the time distribution of the signal collected at a distance ρ from the injection point can be modeled as:
where μ s ' is the reduced scattering coefficient of the medium, ι is time, and v is the photon velocity in the medium. As explicitly shown, ϕ is independent of the absorption coefficient, but it depends on the scattering properties and measurements conditions through the parameter ρ. Moreover, it is affected by the boundary conditions and medium shape. The parameter A accounts for the spectral dependence of the detection efficiency. This holds for a homogeneous medium.
Our aim is to estimate the spectral dependence of the absorption properties in a selected spectral range from timeresolved reflectance (or transmittance) measurements performed as a function of wavelength. Let us make the hypothesis that the scattering properties can be regarded as wavelength independent in the spectral range of interest. From Eq. (1), we can calculate the logarithmic ratio:
where
is the absorption change between λ ο and λ.
The same general principle has already been proposed to assess the absorption change between two wavelengths and derive from that the absolute concentrations of oxy-and deoxyhemoglobin, considered as the only tissue absorbers [3] . We extend the application of that principle to a full wavelength range with the aim of estimating the spectral dependence of the absorption over the entire range. S(λ ο ,λ,t) depends linearly on time t, and its slope, estimated from the best fit to a straight line, provides an easy estimate of Δμ a (λ ο ,λ) that is totally independent of the logarithmic amplitude ratio. If μ a (λ ο ) = μ ao is known, the absorption coefficient μ a (λ) [otherwise the absorption change Δμ a (λ ο ,λ)] is obtained at N different wavelengths by applying Eq. (2) for each of the distinct wavelengths, thus dealing with N independent linear equations. Alternatively, if μ a (λ ο ) = μ ao is not known a priori, the absolute absorption spectrum of the medium can be derived by means of a spectrally constrained fitting procedure with the constituent concentrations are free parameters, if the absorption properties of the constituents are known.
Errors in the estimate of μ a (λ): Effect of a change in scattering Δμ s '(λ ο ,λ)
Beside the assumption of homogeneous medium, the only strong and potentially limiting hypothesis we made to derive Eq. (2) is that the scattering properties are wavelength independent in the spectral range of interest
An easy to handle expression of the error due to small scattering changes with wavelength is obtained considering an infinite medium and applying a perturbative approach to the Green's function: 
Δμ a * is obtained from the time derivative of Eq. (4) and the relative error in the estimate of the absorption change due to scattering changes can thus be calculated as: 
The following observations can be made:
The error increases linearly with scattering changes, and the estimate of strong absorption changes is less affected.
The error is independent of the absolute absorption value μ ao . Thus, for measurements performed on biological tissues, better results will be obtained in the near infrared above 850 nm, where the scattering typically shows a slight spectral dependence and, due to the lipid and water content, the absorption is significant and varies rapidly with wavelength.
Measurements performed at small interfiber distances will be affected by smaller error.
Finally, short times lead to less accurate results. Thus the best working condition will be a trade-off between high signal to noise ratio available at short times and small error achieved at long times. 
EXPERIMENTAL VALIDATION
Time-resolved reflectance measurements were performed on phantoms of known optical properties to test the performance of the methods in the estimate of the absorption properties, the error due to scattering changes with wavelength and the sensitivity to the limited sample size, if any. As expected based on its derivation, the method proved to be little affected by close sample boundaries. An example of the results is shown in Fig. 2 : measurements were performed with interfiber distance ρ = 1 cm on a fir sample in central position and repeated with the collection fiber very close to the sample edge (as shown in the right panel of Fig. 2 . The outcomes of the two measurements are comparable, confirming that the estimated Δμ a is not significantly affected by boundary effects, different from what typically occurs when data are interpreted using the diffusion approximation. 
CONCLUSIONS AND WORK IN PROGRESS
An inherent limitation of the method is that it allows the estimate of absorption changes, not absolute values. Consequently, to derive the absorption spectrum, not just its line shape, the absorption properties at one wavelength should be obtained independently. Moreover, some experimental conditions can be critical for a beneficial application, namely situations with small absorption changes and strong scattering variations. However the method offers some clear advantages: i) it is not significantly affected by sample shape and size, and by boundary conditions, since the BeerLambert law comes directly from the radiative transport equation; ii) it is more robust than conventional fitting methods, relying on a linear procedure.
Work is in progress to investigate the performance in case of heterogeneous media. A related method is also being investigated, that estimates the amplitude factor [A in Eq. (1)] through calibration on a medium of known absorption.
Once A is known, Δμ a can be estimated from S(λ, λ o , t) measured at a single time point t o¸ significantly relaxing the instrumental/experimental requirements. 
